INTRODUCTION
It is now widely recognized that spatial beam smoothing (homogenization) is essential in coupling the laser energy to the inertial confinement fusion (ICF) targets'. For the indirect drive approach' to ICF, it is desirable to distribute the laser energy into a uniformly speckled profile that has a flat-top super-Gaussian envelope (8th power or higher) and contains greater than 95% of the energy inside the super-Gaussian profile. Spatial smoothing is easily achieved by introducing a binary random phase plate (RPP) in the beam. This produces a homogenized far-field pattern which consists of an overall envelope function determined by the RPP element superimposed with a fine scale speckle pattern arising due to the interference among the various RPP elements. Although easy to fabricate and currently in routine use in many fusion laboratories2, the binary RPPs do not meet the ICF requirements stated above since the far-field intensity profile is restricted to essentially an Airy function containing only 84% (an upper limit) of the energy inside the central spot. Approaches using lenslet arrays (refractive or diffractive)3'4 have limited use since they operate in the quasi-far-field and have a short depth of focus.
The limitations of the RPPs can be overcome by relaxing the binary phase constraint. We have recently presented5 continuously varying phase screens for tailoring the focal plane irradiance profiles. Called kinoform phase plates (KPPs), these phase screens offer complete flexibility in tailoring the focal plane envelope and, at the same time, increasing the energy efficiency inside the focal spot.
In this paper we discuss the design and fabrication of such kinoform phase plates in fused silica for spatial beam smoothing on the Nova and the Beamlet lasers. Since the phase plates are used at the end of the laser chain, KPPs on Nova and Beamlet have to be fabricated on large aperture optics (65-cm diameter and 40-cm square substrates respectively). The following section presents a brief review of process for designing the KPPs. In section 3, we discuss the fabrication of large aperture KPPs in fused silica substrates. The optical performance of these KPPs is discussed in section 4 which is followed by a summary.
DESIGNING FULLY CONTINUOUS KPPs
As mentioned in above, generation of superGaussian far-field profiles which contain a high percentage of the incident energy requires the relaxation of the binary phase assumption used in designing the RPPs. Thus the KPP design problem amounts to constructing a continuous phase screen which produces the desired far-field irradiance profile. In a focusing geometry, the electric fields at the lens and at the focal plane are related to each other by a Fourier transform. Since one is not interested in the phase of the electric field in the focal plane, it can be treated as a free parameter. This phase freedom in the far-field allows one to use algorithms based on phase retrieval to construct the required KPP phase screens. A very powerful algorithm in this regard is the Gerschberg-Saxton (GS) algorithm5. We have applied6 the Gerschberg-Saxton algorithm to design KPPs that produce arbitrary and quite complicated focal plane irradiance profiles. The flow of the algorithm is illustrated in Fig. 1 . Here, one begins with the known near-field intensity profile and a random phase screen. The phase screen is iteratively improved upon by the repeated propagation between the near-field and the far-field planes and the application of the near-field and the far-field constraints at each iteration step. These constraints typically consist of replacing the intensity profile with the desired profile while leaving the phase unchanged. The algorithm is rapidly convergent and phase screens can be generated for producing arbitrary focal plane intensity profiles.
Inspite of the robustness of the GS algorithm, it has a serious limitation when used in a conventional manner. If the algorithm is launched with an initial random phase screen, it is observed that the converged KPP phase has many open ended 2ic jumps in addition to the closed ioop 2ir jumps. The algorithm in reference 6 stagnates at the open ended 2ir phase discontinuities and further iterations are unable to remove them.
The difficulty with 2ic lines is twofold. A phase screen containing such 2ic lines cannot be unwrapped into a continuous phase screen. The 2ic lines represent branch cuts with phase singularities at the ends. Further, the rapid variation of the phase around the ends of the 2ic lines leads to large modulations in the near-field beam following the phase plate and to far-field energy losses due to large-angle scattering7. A fully continuous phase screen, on the other hand, minimizes near-field intensity modulation following the phase plate and increases the energy concentration inside the central spot due to the elimination of large angle scattering. Because of these advantages, it is desirable to generate fully continuous phase screens for ICF beam smoothing applications.
We have recently presented8 an improvement to the GS algorithm which enables us to generate fully continuous phase screens for generating high order superGaussian focal plane irradiance profiles. The principal difference of the new method compared to the conventional GS approach is in starting the iteration cycle with a continuous phase profile and preserving its continuous nature throughout the iteration process. This is accomplished by a very slow, adiabatic modification of the far-field profile with each iteration step. Figure 2a shows an example of such a fully continuous phase screen constructed using the new algorithm. The far-field irradiance profile produced by it is shown in Fig. 2b and it closely resembles a 12th power superGaussian.
Using this algorithm, we have designed fully continuous phase screens for use on the Beamlet laser and on the Nova laser. The converged phase screens are displayed in Figures 3a and 3b respectively with the corresponding far-field intensity distributions for unaberrated beams shown in figures 4a and 4b. Both of these phase plate designs are for use at 351 nm. For aberrated beams, the overall far-field is given by a convolution of the KPP far-field for an unaberrated beam and the far-field of the aberrated beam. If the KPP spot is considerably larger (by a factor of 2 or higher) than the beam spot, then the effect of the beam aberrations is to slightly blur the spot and degrade the flatness of the envelope. On the other hand, if the two spot sizes are comparable, the KPP spot shape and size can be severely degraded. Since the beam aberrations for high power laser are not known a priori and often vary from shot to shot, some allowance has to be made in the KPP design to allow for the broadening of the focal spot produced by the KPP due to the beam aberrations.
The Beamlet KPP is designed to produce a 350 tm diameter circular superGaussian spot when used with a 7 m focal length lens. The Nova KPP is designed to produce an elliptical spot with -4OO pm diameter major axis and --26O pm diameter minor axis when used with a 3 m focal length lens. The ellipticity parameters were chosen so that the KPP spot would appear nearly circular when viewed in the plane of the laser entrance hole for the hohlraum (at 50 degrees to the normal) on Nova. The far-field profiles in each case contains greater than 98% of the incident energy.
FABRICATION OF THE KPPs IN FUSED SILICA
In this section, we shall discuss fabrication of the Beamlet and the Nova phase plate designs discussed in the previous section on fused silica substrates. Laser damage considerations imply that the phase plates have be fabricated in fused silica substrates and located following the final focus lens in the beam path. This requires that the phase plates have to fabricated at large aperture sizes. The aperture size for the Beamlet KPP is 40x40 cm while that for the Nova KPP is 65-cm diameter circle. To achieve high focusing efficiency, it is desirable to fabricate the KPPs as a continuous profile. However, methods involving gray scale patterning of a photoresist layer and transfer etching this gray scale pattern into fused silica by dry etching are not scalable to our KPP fabrication because of the large aperture sizes involved. It is our opinion that the process involving the patterning of an epoxy layer9 is not adequate for our applications because of the insufficient damage threshold of the epoxy layers.
Lithographic approach combined with wet etching is an alternative approach to fabricating the kinoform phase plates on large apertures. Here the fully continuous phase screen (several waves. deep) is first re-wrapped into a one-wave deep, mod 2ic phase profile and this wrapped kinoform phase profile is quantized into sixteen discrete levels.
Quantization of the phase profile to sizteen levels leads to a 1% reduction in the focussing efficiency of the phase plate. The discretized 16 level phase structure is fabricated in fused silica by a successive superposition of four binary masks and a differential etching of the KPP substrate at each step. In recent years, we have fabricated several binary RPPs on large aperture (upto 80 cm diameter) fused silica substrates by this process. This experience has lead us to pursue the lithographic approach for KPP fabrication for high power ICF applications.
In the lithographic approach to KPP fabrication, maintaining a high diffraction efficiency in the focal spot requires the production of precise masks and an accurate overlay of these masks on the KPP substrate. The binary photomasks required for the KPP fabrication were patterned in a chrome layer coated over a fused silica substrate using the large aperture photoplotter developed at our laboratory. We chose to write the masks on fused silica substrates to minimize errors due to thermal effects. The available plotting area for the photoplotter is about im x im square. The pixel positioning and the pixel size are accurate to about 0.5 jim each over the entire plotting area. Beamlet KPP masks had a pixel size of about 867p,m where as the Nova KPP masks were written with a 700 p.m pixel. Pixelation of the phase profile gives rise to a far-field diffraction envelope characteristic of a single pixel. The secondary maxima take away some of the energy from the central spot and further reduce the KPP efficiency. The loss of energy into the other diffraction orders is related to the ratio of the KPP spot size to the separation of the secondary maxima. KPPs on Nova and Beamlet are distorted because of the aberrations on these beams. It seems, however, that the overall shape of the spot still seems to be determined by the KPP with the beam aberrations altering the finer features of these spots. This implies that the beam aberrations play a somewhat subsidiary role in the focal plane irradiance profile. This increases our confidence in the usefulness of the KPPs for spatial beams smoothing on high power fusion laser systems. 
